The solar atmosphere supports a number of wave phenomena, as attested especially by the recent upsurge in SOHO and TRACE observations of waves and oscillations in the corona. Such observations provide considerable impetus to theoretical developments. The magnetically structured nature of the solar atmosphere, extending from isolated concentrations of field in the photosphere to magnetic loops in the corona, has led to the development of simple models of magnetohydrodynamic wave propagation in magnetic flux tubes. Here we give an overview of some of the basic features of such models, illustrating these concepts for photospheric conditions, for coronal loops, and for prominences. The new tool of coronal seismology is also discussed.
INTRODUCTION
The complex nature of the solar atmosphere, with its diversity of magnetic objects ranging from sunspots, through plumes and prominences, to coronal loops, leads to a complex description of the waves and oscillations these objects may sustain. By contrast with the solar interior which sustains global oscillations in the form of p-modes, the solar atmosphere is more likely to support local oscillations, as each object responds to the various excitations that might arise. Nonetheless, there are a number of unifying features that are likely to prove basic to any understanding of this diversity of oscillatory phenomena. In this overview we lay out some of the general features as a means of guidance to the phenomena. Observations of oscillatory phenomena in the solar atmosphere have increased dramatically in the past few years. Detailed observational studies, especially through SOHO and TRACE, have provided a strong stimulus to theoretical developments, so much so that coronal seismology -the determination of coronal parameters by using information from the waves the medium supports -is rapidly developing and providing insight into some of the physical parameters and processes at work in the corona.
What general features underlie a theoretical description of magnetohydrodynamic (MHD) wave phenomena of the type encountered in the solar atmosphere? The single most obvious general feature is that of the magnetic flux tube, which provides a wave guide for MHD waves. The nature of that wave guide changes somewhat depending upon the physical object or its location in the solar atmosphere. In the photospheric region, flux tubes tend to be magnetically isolated, with the magnetic field confined to a region by the action of flows which tend to order the magnetism. In the corona, flows may still be present but they are not the principal effect; coronal flux tubes are primarily regions of plasma density enhancement. This difference is particularly significant when one considers the implications on the Alfvén speed in a flux tube: in an isolated photospheric flux tube, the profile of Alfvén speed across the tube is high in the tube centre but low or zero outside the tube; in a coronal loop, the Alfvén speed is lower inside the loop than in the more tenuous surroundings of the loop. Of course, in the low β medium of the corona the Alfvén speed is everywhere larger than the sound speed, whereas in a photospheric flux tube the Alfvén speed and sound speed are roughly comparable.
There is one other aspect that is particularly different in photospheric tubes compared with coronal tubes, and that is the influence of gravity. In the low temperature medium of the photosphere, the effect of gravity is important. In the high temperature corona, the gravitational scale-height is large and the influence of gravity is correspondingly less. One dimensional wave propagation in the presence of gravity typically gives rise to the Klein-Gordon equation and with it the introduction of a cutoff frequency (which is related to the strength of gravity).
THE KLEIN-GORDON EQUATION
The effects of stratification are most simply demonstrated for sound waves propagating vertically. In appropriate variables, the sound wave obeys the Klein-Gordon equation (Lamb 1909; 1932) . It turns out that the sausage, kink and torsional waves of a thin magnetic flux tube also obey the Klein-Gordon equation, so its behaviour is generic and rather important for many wave phenomena in the solar atmosphere.
Sound waves
Consider an atmosphere stratified under gravity, with constant gravitational acceleration g. The equilibrium pressure p 0 (z) and density ρ 0 (z) are related by p 0 (z) = −gρ 0 (z)
where a dash ( ) indicates the z-derivative of an equilibrium quantity. For an ideal gas with temperature T 0 (z) satisfying
where k B is Boltzmann's constant andm is the mean molecular weight, we may integrate (1) to obtain p 0 (z) = p 0 (0)e −N0(z) , ρ 0 (z) = ρ 0 (0) Λ 0 (0) Λ 0 (z) e −N0(z) (3) where z = 0 is an arbitrary reference level,
is the pressure scale-height, and
is the integrated pressure scale-height.
In the above we have taken the z-axis to point vertical upwards. In an isothermal medium (for which Λ 0 and c s are constants), N 0 (z) = z/Λ 0 and the equilibrium pressure and density both fall off exponentially fast with height z on a scale Λ 0 , diminishing by a factor of e −1 (= 37%) in one scale-height Λ 0 and by a factor of ten in a distance of 2.3Λ 0 .
Consider one-dimensional motions u = u(z, t)e z . The linearised equations of small amplitude motions about the equilibrium (1) -(5) are described by an equation of continuity
a momentum equation
and isentropic energy exchange
Here c s (z) = (γp 0 (z)/ρ 0 (z)) 1/2 denotes the sound speed, with γ the adiabatic index; p(z, t) and ρ(z, t) are the variations in pressure and density, respectively.
These equations are readily seen to imply
Moreover, we may eliminate the ∂u/∂z -term if we introduce a new variable Q through
Then Q(z, t) is seen to satisfy
where
Thus, we see that the vertical propagation of a sound wave in a stratified atmosphere leads to the KleinGordon equation (11). The quantity Ω s has the dimensions of frequency, which imposes a timescale on the system. The case of non-vertical propagation, which couples sound waves and gravity waves, can also be discussed and leads to a wave equation that is 4th order in time (see, for example, Stenflo 1986; Robinson 1994; Bodo et al. 2000) .
In an isothermal atmosphere, Ω s = Ω ac ≡ c s /(2Λ 0 ) = γg/(2c s ); this is the acoustic cutoff frequency. Under conditions representative of the photosphere-chromosphere, we may take γ = 5/3 and g = 0.274 km s −2 ; then for a sound speed c s = 7.5 km s −1 we obtain a pressure scale height of Λ 0 = 125 km, which produces an acoustic cutoff frequency of Ω ac = 0.03 s −1 , giving a cyclic frequency ν ac = Ω ac /(2π) of 4.8 mHz (with a corresponding period P ac (= 2π/Ω ac ) of 210 s). By contrast, under coronal conditions a sound speed of c s = 200 km s −1 gives a scale height of 87 Mm and ν ac = 0.18 mHz, with a corresponding period of 91.7 minutes. Thus, in the corona ν ac is fairly small and the effects of stratification are consequently less significant, except for long period oscillations.
Motions u are amplified in height. This follows from (10), which shows that |u| ∝ p −1/2 0 |Q|; so, for bounded |Q|, |u| grows like e z/(2Λ0) in an isothermal atmosphere, giving an e-folding distance of two pressure scale-heights (2Λ 0 ). For example, with Λ 0 = 125 km this amounts to an increase by a factor of e in 250 km. Thus, a 1 km s −1 photospheric wave motion would be amplified to a value equal to a sound speed of 7.5 km s −1 in about 500 km, emphasising the likelihood of shocks or other physical effects (e.g. radiative losses or viscous heating) occurring and acting to complicate this picture. On the other hand, in the corona a wave amplitude at the base of a coronal loop would be amplified by a factor of only 1.78 in reaching the apex of a loop of height 100 Mm.
Significance of the Klein-Gordon equation
The significance of the Klein-Gordon equation is that it introduces a timescale imposed by the equilibrium. This is most easily brought out in the case of an isothermal atmosphere, for which c s and Ω s (= Ω ac ) are constants; the presence of Ω ac imposes a natural timescale on solutions of the Klein-Gordon equation. Indeed, equation (11) where the frequency ω and wavenumber k z are related by the dispersion relation
It is evident from the form of this dispersion relation that wave propagation occurs only if ω > Ω ac , i.e. only for frequencies ω above the cutoff value Ω ac . Frequencies below this value result in k 2 z < 0, and so there is no vertical propagation; the motion is evanescent.
A distinctive consequence of the presence of the frequency Ω ac is seen if we construct a general Fourier solution of the form (see, for example, Whitham 1974)
where the functions A 1 (κ) and A 2 (κ) are determined by initial conditions and the function ω(κ) is defined (through the dispersion relation (13)) by:
It is sufficient for many purposes to choose the initial conditions to be
corresponding to motions generated from rest by a delta function impulse, δ(z); this is equivalent to generation by an impulsive pressure force. Other solutions can be constructed in much the same way or through use of the Laplace transform (Sutmann, Musielak and Ulmschneider 1998) . Then, as shown originally by Lamb (1909 Lamb ( , 1932 and applied to flux tubes by Rae and Roberts (1982) , it follows that
This deceptively simple integral may be evaluated (see Erdélyi 1954) in terms of the Bessel function J 0 , yielding
The importance of this result is that it demonstrates the presence of a wavefront which moves away from the generation source (at z = 0) with the speed c s ; the disturbance ahead of the wavefront is at rest, but behind the wavefront an oscillating wake is set up. The wake oscillates at the frequency Ω ac , the natural frequency of the medium. Thus, the cutoff frequency Ω ac is significant in that we may expect any impulsively excited wave (satisfying the KleinGordon equation (11)) to exhibit a wake which oscillates at the frequency Ω ac . For locations well behind the wavefront (so that z c s t) and for times much longer than the wake's period (so that Ω ac t 1), we may approximate the Bessel function by its asymptotic value to give
showing that the amplitude of the oscillation behind the wavefront declines in time as the wave moves on.
THIN FLUX TUBE WAVES
The region of the solar atmosphere lying between the photosphere and the corona is extremely complicated. It contains an obvious energy source for wave motions in the granules and supergranules that reside in the convection zone, and it is a region of the Sun where stratification effects are most pronounced. Added to this is the complex architecture of the magnetic field, which tends to occur in concentrated structures (ranging from small-scale intense flux tubes through to pores and sunspots) in the photosphere but has spread out to fill the available plasma in the upper chromosphere and corona. This complex magnetic architecture, forming three dimensional structures overlying regions that are largely field-free, is difficult to model and the description of MHD waves especially complex. Accordingly, limited progress has been made to date though a start in this direction has been made by Rosenthal et al. (2002) .
One area where detailed theoretical studies are available is that of thin flux tubes. By assuming that magnetism is confined to thin tubes which expand outwards with height, it is possible to describe in detail the various modes of oscillation of the tube. The applicability of such theories to oscillations high above the photosphere, where the field has expanded out, is difficult to assess, but it seems reasonable to suppose that the features predicted for thin tubes are approximate guides to what might actually occur in this complex zone. The universal occurrence of the Klein-Gordon equation, describing waves in flux tubes as well as sound waves in the absence of magnetism, offers some support that these descriptions are useful.
The action of supergranules, transporting magnetic flux from cell interiors to cell boundaries, produces a network in the chromosphere. The network is brightest at the junctions of several supergranules, producing the so called network bright points which are strongly correlated with the underlying photospheric magnetic field (Cauzzi, Falchi and Falciani 2000) . Oscillations have been detected in network bright points (see, for example, Damé, Gouttebroze and Malherbe 1984 ; see also the review by Banerjee et al. (2001a) and the extensive discussion in Krijger et al. (2001) ). The oscillations have recently been explored at a variety of heights ranging from the low chromosphere to the corona (Banerjee et al. 2001b; McAteer et al. 2002 McAteer et al. , 2003 . For example, McAteer et al. studied intensity oscillations (with 45 s cadence), obtained at Sacramento Peak as part of a joint campaign with TRACE. Using wavelet analysis, they find evidence for waves travelling upwards in the chromosphere with frequencies of 1.3 mHz and 1.9 mHz, which couple with oscillations at 2.6 mHz and 3.8 mHz. (Additionally, there is evidence of other upward and downward propagating waves in the 1.3 − 4.6 mHz range.) Following an earlier discussion and appraisal by Kalkofen (1997;  see also Hasan and Kalkofen 1999; Hasan et al. 2003; Musielak and Ulmschneider 2003a, b) , McAteer et al. interpret the upwardly propagating waves in network bright points as kink and sausage modes of thin flux tubes. In the lower chromosphere, the oscillations are concentrated in the central part of each network bright point, whereas in higher regions some oscillatory power is found away from the centres. A similar conclusion is reached by Banerjee et al. (2001) .
By contrast, in regions away from strong magnetic field, in the internetwork, it seems likely that acoustic waves arise and these have been modelled in detail by Carlsson and Stein (1997) and Wikstφl et al. (2000) .
We turn now to a description of magnetic tube waves in terms of the Klein-Gordon equation; the applicability of the Klein-Gordon equation was first pointed out in Roberts (1981;  see also Rae and Roberts 1982; Spruit and Roberts 1983) . A detailed review of the basic aspects of waves in thin flux tubes is given in Roberts and Ulmschneider (1997) .
The equilibrium state of a thin magnetic flux tube standing vertically in a field-free atmosphere is one of hydrostatic pressure balance in the vertical direction (as described by (3)), coupled with transverse pressure balance. Transverse pressure balance requires that the sum of the plasma pressure p 0 and the magnetic pressure B 2 0 /(2µ) equals the confining external pressure p e :
We confine attention to the case when the sound speed inside the tube is equal to the sound speed in the tube's environment. Then the cross-sectional area A 0 (z) and field strength B 0 (z) of the tube are given by
with the magnetic flux B 0 (z)A 0 (z) being a constant. Accordingly, the plasma density ρ 0 inside the tube is related to the density ρ e in the field-free environment by
) is the Alfvén speed in the tube and β = 2c A numerical illustration is helpful. Suppose (following Ulmschneider et al. 2001; Musielak and Ulmschneider 2003a, b) that at the photospheric level p e (0) = 1.17 × 10 5 dynes cm −2 (in cgs units) and that B 0 (0) = 1500 G. Such a field produces a magnetic pressure which is some 75% of the confining external pressure; this evacuates the tube to such an extent that (from (22)) the tube density ρ 0 falls to 23% of the external density ρ e . The plasma beta inside the tube is β = 3/10, which corresponds to an Alfvén speed that is twice the sound speed (c A = 2c s ).
Sausage mode
Consider the nonlinear thin tube equations for the sausage mode:
In the above, B(z, t) is the field-strength of a thin tube with cross-sectional area A(z, t), v(z, t) is the longitudinal flow within the tube, where the plasma pressure and density are p(z, t) and ρ(z, t). The external plasma pressure p e (z, t) is calculated on the boundary of the tube, with equation (27) requiring that the total pressure inside the tube is balanced at all times by the external pressure field p e , which itself may vary in z and t in response to waves in the tube or to externally imposed motions. A derivation of equations (23) - (27) has been given by Roberts and Webb (1978) ; see also Parker (1974) and Defouw (1976) . A recent discussion and extension of these equations has been given by Zhugzhda (1996 Zhugzhda ( , 2000 and Zhugzhda and Goossens (2001) .
Consider the linearised form of equations (23) - (27).
Notice that if we confine our attention to equations (23) - (25) only, our treatment applies to any elastic tube governed by these equations; magnetic effects then arise specifically when equations (26) and (27) are invoked. To do this, we suppose that the tube area A(z, t) is related to pressure p(z, t), so that we may form ∂A/∂p and calculate it in the linearised state. This approach introduces a propagation speed c which depends upon the sound speed c s and the elasticity of the tube (see also Lighthill 1978) . We write 1
Introduce also
Then, after some algebra, the result is the KleinGordon equation (Rae and Roberts 1982 )
We have assumed in the above that temporal variations in the external pressure field p e are negligible; effectively, that p e simply provides the equilibrium pressure in the environment of the tube.
Thus, the Klein-Gordon equation holds for a wide variety of thin elastic tubes. The simplest case of the above is that of a rigid tube, for which A(z, t) is fixed and so ∂A/∂p = 0; thus the propagation speed is simply the sound speed, c = c s . Also, for the cutoff frequency we recover (12), the case of a vertically propagating sound wave. If the rigid tube has an exponential cross-section A 0 (z) = A 0 (0)e αz/Λ0 and is filled with an isothermal gas, then c = c s and
For α = 1/2 the rigid tube has the same crosssectional profile as an isothermal magnetic flux tube, and we obtain
In the general case of a magnetic flux tube, with field strength B(z, t) related to pressure p(z, t) and area A(z, t) through equations (26) and (27), then the speed c = c t , the slow magnetoacoustic speed defined by c −2
Consider our previous illustration. For the photosphere with c A = 2c s , so c t = 2c s / √ 5 and the slow wave in a thin tube propagates at some 90% of the sound speed; for c s = 7.5 km s −1 , this produces a speed of c t = 6.7 km s −1 . In any case, c t is in general both sub-sonic and sub-Alfvénic.
In an isothermal magnetic flux tube, the general expression (31) for the cutoff frequency reduces to (Defouw 1976; Rae and Roberts 1982 )
. Expression (35) shows that the cutoff frequency Ω saus is determined mainly by the geometry of the thin tube, the rate at which it expands with height. Indeed, comparing (33) and (35), we see that the term independent of β gives precisely the cutoff frequency of a rigid tube with cross-sectional area A 0 (z) = A 0 (0)e z/2Λ0 . The elasticity of the tube enters through the term involving β, which acts so as to reduce the cutoff below its value in a rigid tube. However, for γ = 5/3 the effect is not large; for example, with c A = 2c s we have Ω saus = 1.016Ω ac . And even over the complete range of β the effect amounts to at most 4.4%, and (more realistically) for β not exceeding unity, the reduction in cutoff frequency amounts to no more than 2% (Kalkofen 1997) . However, if γ differs markedly from 5/3 then Ω saus may depart strongly from the acoustic value. For example, with γ = 1 and c A = 2c s we obtain Ω saus = 0.47Ω ac , indicating that in the non-adiabatic conditions of the low chromosphere the cutoff frequency of a sausage mode may depart significantly from acoustic values (Roberts 1983 ).
Kink mode
The kink mode of oscillation of a thin tube may be described as follows. Transverse displacements ξ(z, t) of a tube of radius a move not only the matter (of density ρ 0 ) in the tube but also a roughly equal mass of the surrounding fluid of density ρ e , resulting in an equation of motion of the form
(36) The first term on the right-handside of (36) arises from the magnetic tension force generated in the bent tube, and the second term arises from the buoyancy force acting on the tube. Thus,
is the kink speed in the tube; the kink speed is subAlfvénic but (unlike c t ) may be sub-sonic or supersonic. Note that the densities ρ 0 and ρ e are linked through (22). A more formal derivation of (37) is given by Spruit (1981a, b) .
Now we can re-write (37) in the form of the KleinGordon equation (Roberts 1981) . Assuming that the temperature inside the tube is the same as in the environment of the tube, we may set
which yields
Thus, again we have the Klein-Gordon equation but now the speed of wave propagation is c k and the cutoff frequency is Ω k .
Alfvén mode
Finally, we note that the Alfvén wave may also satisfy the Klein-Gordon equation (see Roberts 1981) . Recently, Noble, Musielak and Ulmschneider (2003) have made a detailed study of torsional Alfvén waves in a thin isothermal flux tube, showing specifically that azimuthal motions v φ satisfy the Klein-Gordon equation
with Q = ρ 1/4 0 v φ and
Thus, the speed of propagation of a torsional Alfvén wave is c A and its cutoff frequency (due to the diverging geometry of the thin flux tube) is Ω A . This is similar to the kink mode. However, since c A > c k , the cutoff frequency of a torsional Alfvén wave is greater than the cutoff frequency of a kink mode. A torsional Alfvén wave in a thin tube propagates faster than a kink wave and has a higher cutoff frequency (Noble et al. 2003) .
Comparisons
We have seen that the Klein-Gordon equation governs the behaviour of sound waves (vertically propagating) and magnetic waves (sausage, kink and Alfvén modes) of a thin magnetic flux tube. This provides a convenient means of comparison between the various modes. The comparison may be made on three counts: the propagation speed c, the cutoff frequency Ω, and the amplification factor that describes the vertical dependence of the wave amplitude.
To carry out this comparison we consider an isothermal medium (with equal uniform temperatures inside and outside the tube). Then, the propagation speeds c t and c k of a flux tube are related to the sound speed c s and the plasma β by
with the Alfvén speed as c A = (2/γβ) 1/2 c s . Thus, in a strong field (low β) the speeds range from c t ≈ c s , c k ≈ (2/γ) 1/2 = 1.09c s and c A much larger than c s , to c t = 0.74c s , c k = 0.63c s and c A ≈ c s in a tube with β = 1. The speeds c t and c k are broadly comparable (and in fact are equal for β = 1/5, γ = 5/3).
Turning to the cutoff frequencies, we have (for γ = 5/3)
(45) The sausage mode cutoff does not differ much from Ω ac (provided γ = 5/3), ranging from Ω saus = 1.02Ω ac for small β to Ω saus = 1.004Ω ac for β = 1. The kink mode gives Ω k = 0.55Ω ac for β = 0, declining to Ω k = 0.32Ω ac for β = 1. Thus, while the sausage mode has a cutoff frequency close to the acoustic cutoff, the kink mode has a significantly smaller cutoff (Spruit 1981a; Spruit and Roberts 1983) . For the torsional Alfvén wave,
Following recent discussions of flux tube waves by Kalkofen (1997) and observational applications by McAteer et al. (2002 McAteer et al. ( , 2003 , we rewrite the above expressions in terms of cyclic frequencies, with acoustic (cyclic) frequency ν ac = Ω ac /(2π) = c s /(4πΛ 0 ).
Thus, ν saus = Ω saus /(2π) and ν k = Ω k /(2π), with corresponding periods P saus = ν 
for the torsional Alfvén wave.
Consider a numerical illustration. Suppose again that γ = 5/3, c s = 7.5 km s −1 and Λ 0 = 125 km, and consider a magnetic flux tube with β = 0.3 (with corresponding Alfvén speed of c A = 2c s ). Then the sausage mode's speed is c t = 6.7 km s −1 , the kink mode's speed is c k = 6.5 km s −1 , and the torsional Alfvén mode's speed is c A = 15 km s −1 . The sausage cutoff cyclic frequency is ν saus = 4.88 mHz, with a corresponding period of P saus = 205 s (or about 3.4 minutes), whereas the kink mode's frequency is ν k = 2.08 mHz (with a corresponding period P k = 481 s of about 8 minutes). With β = 0.3, the Alfvén wave's cutoff frequency is equal to the acoustic cutoff, ν A = 4.8 mHz, with a corresponding period of P A = 210 s.
Finally, we may also compare amplitude factors. In an isothermal atmosphere a sound wave e-folds in two scale heights, 2Λ 0 , whereas each of the tube waves (sausage, kink and Alfvén ) e-folds in four scale heights. Thus, with Λ 0 = 125 km, sound waves e-fold in 250 km and tube waves in 500 km. This difference is a reflection of the diverging geometry of a thin flux tube, which reduces the amplitude growth with height brought about by stratification. Consequently, in the photosphere and low chromosphere tube waves are likely to survive to greater heights than sound waves before forming shocks or being modified by nonlinearities.
We have discussed each of the tube waves as separate modes, whereas coupling between the various modes may arise. This occurs, for example, in the thin tube description of the sausage mode through the external pressure field that is imposed as a pressure balance. In the above, we ignored variations in this term, allowing simply the external pressure to take on its equilbrium value. Departures from equilibrium pressure balance allow the possibility of coupling, whether we consider linear or nonlinear motions. A full discussion of these effects would take us too far afield, though the results are important for the Sun and indeed for stellar chromospheres more widely; we refer the reader to the discussion in Hasan and Kalkofen (1999) and Musielak and Ulmschneider (2002) , and references therein. Parametric coupling of modes in MHD is discussed in Zaqarashvili (2001) and Zaqarashvili and Roberts (2002) .
CORONAL OSCILLATIONS
In the past few years there has been a remarkable upsurge in the identification of a variety of waves and oscillations in the corona. These include: the SOHO detection of waves in plumes (Ofman et al. 1997; DeForest and Gurman 1998) (Aschwanden et al. 1999 Schrijver et al. 1999; Nakariakov et al. 1999; Schrijver and Brown 2000; Schrijver, Aschwanden and Title 2002) ; the SOHO/SUMER detection of oscillations in hot loops (Kliem et al. 2002; Wang et al. 2002 Wang et al. , 2003a ; and the detection of intensity oscillations in the upper transition zone, in moss (De Pontieu, Erdélyi and De Wijn 2003) . These observations have provided an enormous stimulus to theoretical developments.
There have also been ground-based eclipse detections of oscillations (e.g., Pasachoff et al. 2002; Williams et al. 2001 Williams et al. , 2002 Katsiyannis et al. 2003) which are of considerable interest, because these observations are able to achieve extremely high cadences. Williams et al. (2001 Williams et al. ( , 2002 used SECIS (see Phillips et al. 2000) to record a coronal loop during an eclipse, taking photographs at 44 frames per second; these observations revealed a wave propagating along the loop with a speed of 2100 km s −1 , and an attendant oscillation of period 6 s. Williams et al. identify this wave as a fast magnetoacoustic mode.
Coronal oscillations have revealed a wide spread of frequencies, ranging from roughly 0.5 mHz (period of order 30 minutes) to 1 Hz (period 1 s). Wavelet analysis of data sets, first used to detect oscillations in the corona by Ireland et al. (1999) and De Moortel and Hood (2000), have provided an invaluable technique for detecting waves. The combination of such observational studies with theory gives rise to coronal seismology, as originally suggested (and illustrated with the then available observational data) by Roberts, Edwin and Benz (1984) and Roberts (1986) , and applied directly to TRACE data by Nakariakov and Ofman (2001) . Coronal seismology offers the possibility to determine, from oscillation characteristics, the fundamental parameters of the local coronal plasma, including the magnetic field strength, the plasma density, and possibly the damping mechanisms at work.
The observational nature of coronal oscillations has been reviewed in detail by Aschwanden (1987 Aschwanden ( , 2003 . Theoretical aspects have been discussed in Roberts (1991b Roberts ( , 2000 Roberts ( , 2001 Roberts ( , 2002 , Nakariakov (2001 Nakariakov ( , 2003 , Goossens, De Groof and Andries (2002), and Roberts and Nakariakov (2003) . Thus it is unnecessary to describe in full all these aspects here. Instead, we concentrate on some of the more basic aspects and on recent developments.
Basic modes
A basic model used to discuss waves and oscillations in the corona is that developed in some detail by Edwin and Roberts (1983) . The model is simply that of a cylindrical magnetic flux tube, of radius a, field strength B 0 and plasma density ρ 0 , embedded in a magnetic environment of strength B e and density ρ e : B 0 (r) = B 0 , r < a, B e , r > a, ρ 0 (r) = ρ 0 , r < a, ρ e , r > a.
(50) The Alfvén, sound and slow speeds within the tube are c A , c s and c t , and their values in the external medium are c Ae , c se and c te . Gravitational effects are ignored.
The dispersion relation governing the modes of oscillation of the tube is (e.g., McKenzie 1970; Spruit 1982; Edwin and Roberts 1983; Cally 1986; Evans and Roberts 1990) 
The dispersion relation (51) describes magnetoacoustic waves (with nonzero total pressure perturbation) of frequency ω, azimuthal number n = 0, 1, 2, ...., and longitudinal wavenumber k z . It is derived subject to the condition that m e > 0, corresponding to waves being radially trapped within the tube. The special case of a field-free environment (c Ae = 0) covers the photospheric tubes discussed earlier.
Coronal loops typically correspond to dense tubes in which ρ 0 > ρ e . This is in sharp contrast to photospheric flux tubes, which are strongly magnetised but partially evacuated regions, producing a locally high Alfvén speed. For coronal magnetic field strengths broadly comparable inside and outside the tube, so that B 0 ≈ B e , we obtain c A < c Ae and the low-β nature of the corona typically means that c s c A . Thus, regions of high plasma density give correspondingly relatively low Alfvén speeds; such regions are wave guides for fast magnetoacoustic waves (Roberts et al. , 1984 .
If the condition m e > 0 is not met, then wave leakage may occur. The result is a decay in the oscillations within the loop (see, for example, Meerson, Stepanov and Zaitsev 1978; Roberts and Webb 1979; Spruit 1982; Cally 1986; Tsap and Kopylova 2001; Kopylova, Stepanov and Tsap 2002; Solov'ev, Mikhalyaev and Kiritchek 2002) . Cally (2003) has recently discussed this process and its implications for the observed decay of coronal oscillations, concluding that wave leakage cannot explain the observed decay of oscillations except for very short or thick loops.
As with the photospheric tube, the speeds c t and c k play important roles, but now the kink speed is defined as
(This reduces to (38) when the environment is fieldfree.) The speed c k is intermediate between c A and c Ae .
Investigations of the dispersion relation (51) show that there are sausage (n = 0) and kink (n = 1) slow waves which propagate with a speed close to c t ; these waves are weakly dispersive. There are also sausage and kink fast waves, which propagate with a speed that lies between c A and c Ae ; these waves are strongly dispersive. There are also fluting (n ≥ 2) modes. Finally, there is a global mode of oscillation of the tube, a kink (n = 1) wave, with speed close to c k ; this wave is mildly dispersive.
Both standing and propagating waves may be discussed (Roberts et al. 1984) . For a standing wave with no disturbance at the loop ends z = 0 and z = L, we may quantise the wavenumber k z setting k z = N π/L, so that sin(k z z) = 0 at z = 0 and L. Then the period P kink of the principal kink mode standing in a loop of length L is (Roberts et al. 1984 )
In the case of a uniform magnetic field (B 0 = B e ), the kink propagation speed becomes
Thus, in contrast to the photospheric case where c k is sub-Alfvénic, in the corona c k may may be as much as 41% above the tube Alfvén speed c A . Transverse kink standing modes of this form have been observed by TRACE (Aschwanden et al. 1999 Nakariakov et al. 1999; Schrijver et al. 1999; Schrijver, Aschwanden and Title 2002) .
Standing fast waves may also occur, but they require that k z a is large enough so as to satisfy the cutoff requirement necessary for this mode to be trapped within the loop (Roberts et al. 1984) . In general, this implies that the number of oscillations along the loop is large, given that a/L is small, or that the loop is short and broad. Aschwanden, Nakariakov and Melnikov (2003) have recently discussed applications of these ideas to radio, microwave and soft x-ray observations of fast pulsations.
A standing slow wave may also been considered. The period P saus of the principal slow mode is given by (Roberts et al. 1984 )
Thus, the period P saus of a standing slow mode exceeds the acoustic transit time 2L/c s back and forth along the loop, the difference being a measure of the plasma beta in the tube. Oscillations of this form have recently been detected by SUMER (Kliem et al. 2002; Wang et al. 2002) and identified as standing slow modes (Ofman and Wang 2002; Wang et al. 2003a ). Wang et al. (2003b) provides a detailed study of 54 Doppler shift oscillations (in 27 events) detected in active region loops with temperatures in excess of 6 MK; periods range from 7 to 31 minutes, considerably longer than the periods recorded by TRACE for transverse oscillations. Both SUMER and TRACE oscillations exhibit strong decays, in a few periods.
Waves may also be excited impulsively, either in closed loop structures but not have time to form standing waves or in open structures such as coronal plumes. Then a detailed consideration of the dispersion relation (51) is needed to interpret their behaviour. The slow waves are most easily considered since they are only weakly dispersive, with propagation speed c (= ω/k z ) given to good approximation by their long wavelength behaviour, c = c t . Waves of this sort have been observed in plumes (Ofman et al. 1997; DeForest and Gurman 1998) and modelled as slow modes (Ofman, Nakariakov and DeForest 1999; Ofman, Nakariakov and Sehgal 2000) , and in loop footpoints (Berghmans and Clette 1999; De Moortel, Ireland and Walsh 2000; Robbrecht et al. 2001) and modelled as slow waves (Nakariakov, Ofman and Arber 2000; Tsiklauri and Nakariakov 2001) .
By contrast with the slow modes, fast waves are strongly dispersive. Benz (1983, 1984) have shown how dispersion brings about a distinctive wave packet behaviour for the fast sausage mode when impulsively excited by, for example, reconnection or a flare. Simulations of the waves show similar behaviour Roberts 1993a, b, 1994; Selwa and Murawski 2003) . Impulsively excited, the fast sausage mode propagates at the group speed (which is comparable with c k ) and produces rapid oscillations on a timescale roughly determined by the transit time across (not along) the tube. Oscillations of this nature have most probably been detected by Williams et al. (2001 Williams et al. ( , 2002 , using the ground-based eclipse instrument SECIS. Williams et al. observe the propagation of a wave which is comes up one side of a loop, passes over the apex and travels down the other side; the wave has a speed of 2100 km s −1 and there is an associated periodicity of 6 s (cyclic frequency 0.16 Hz). There is no evidence of the damping common in other coronal oscillations. From SOHO/CDS observations, the loop is determined to have a length of 200 Mm, an internal radius of 5000 km, and a particle number density of 2×10 outside. The observability of such waves has recently been discussed by Cooper, Nakariakov and Williams (2003) .
Coronal seismology
The identification of various modes of oscillation, and their detailed study from a range of observations, has led to the development of coronal seismology, whereby information about the modes is used to deduce information about the conditions of the coronal plasma in which the wave has propagated. This topic is at an early stage of development, and it is only when extensive data sets become available and when theory has been sufficiently refined will the deductions through coronal seismology be more than approximate. Nonetheless, the signs are very encouraging.
The basis for coronal seismology was made clear in Roberts, Edwin and Benz (1984) , who applied the Edwin and Roberts (1983) description of the waves of a coronal flux tube to specific observations then available. Here we outline some applications of coronal seismology to current observations.
Consider first the standing kink modes observed by TRACE (Aschwanden et al. 1999 Nakariakov et al. 1999; Schrijver et al. 2002) . Given the identification of the mode, we can exploit (53) and (54) to deduce the magnetic field strength B 0 in a coronal loop: Nakariakov and Ofman (2001) effectively applied this relation (but note their different definition of L) to TRACE data, deducing a loop field strength in the range 4 − 30 G; considerations of the plasma density refined their determination to 13 ± 9 G. This is one of the first direct examples of coronal seismology applied to recent observational data.
For our second illustration, we consider equation (55) for a slow mode standing in a loop of length L; expressed in terms of the plasma beta β inside the loop, the period of standing waves is Wang et al. (2003a, b) report an oscillation on 15 April 2002 that had a period of 17.6 minutes in a loop of length 191 Mm. Applied to (55), this implies a slow speed of c t = 362 km s −1 . At a temperature of 6.3 × 10 6 K the sound speed is c s = 417 km s −1 , implying an Alfvén speed of 729 km s −1 and a plasma beta of β = 0.39. This is somewhat higher than one normally expects in the corona, but is presumably a reflection of the particularly high temperature in the loop. An Alfvén speed of 729 km s −1 implies a magnetic field strength of B 0 = 24 G for a number density of 5 × 10 15 m −3 .
Finally, we consider the application of impulsively excited fast waves to the observations of Williams et al. (2001 Williams et al. ( , 2002 . According to the theory given by Roberts, Edwin and Benz (1984) , an impulsively excited fast sausage wave produces a wave packet with a period
Here j 0 (≈ 2.40) denotes the first zero of the Bessel function J 0 . In fact, the timescale (58) is the longest timescale in the impulsively excited wave packet (Roberts et al. 1984) . The densities reported by Williams et al. give a ratio ρ e /ρ 0 = 0.4. We associate the observed speed of 2100 km s −1 with the group velocity c g , determined from the dispersion relation (51); for simplicity, we write c g = λc A , where the parameter λ will itself depend upon the density ratio. Then, taking P pulse = 6 s, equation (58) implies a tube radius of a = (6213/λ) km. Given the observationally determined density ratio of 0.4, λ is of order unity, implying a tube radius of approximately 6000 km (and probably smaller than this estimate, since P pulse is an upper limit to the timescale in the quasi-periodic phase of the magnetic Pekeris wave). In fact, Williams et al. found observationally a radius of 5000 km, very similar to the theoretically deduced value here. Alternatively, we note that we could have used the oscillations to determine the density ratio ρ e /ρ 0 , given the radius a.
Damping
A distinctive feature of many of the studied coronal oscillations is there strong propensity to decay rapidly, over a few periods. This process has been studied observationally for transverse oscillations by Nakariakov et al. (1999) . A selection of 11 observations (including the Nakariakov et al. event) for which detailed data is available has been considered by Ofman and Aschwanden (2002) , Goossens, Andries and Aschwanden (2003) and , in an attempt to determine which physical mechanism (or mechanisms) is responsible for the observed damping. The damping of slow modes has been considered by Hood (2003) . Considering the transverse kink oscillations, a review of possible damping mechanisms has been given by Roberts (2000) . Here we concentrate on just two aspects, damping by phase mixing and damping by resonant absorption, and consider the transverse oscillations only.
Phase mixing operates on Alfvén waves in an inhomogeneous medium with one direction uniform. When the variation of the Alfvén speed is on a scale l, so that the derivative c A of the Alfvén speed across the field is such that c A ≈ c A /l, then a standing wave decays on a scale (Heyvaerts and Priest 1983; Roberts 2000) 
This result has recently been applied to loop oscillations by Ofman and Aschwanden (2002) . With P kink = √ 2L/c A , the period of a kink wave in a high density (ρ 0 ρ e ) loop, and supposing that the transverse inhomogeneity scale l is a fraction α (< 1) of the length of a loop, so l = αL, then
If, statistically, variations in α from loop to loop are insignificant, then phase mixing gives a decay time τ phase that is proportional to the 2/3-power of the product LP kink :
However, there seems no reason to suppose that α will not vary from loop to loop, and then we must return to (60).
On the other hand, inhomogeneity in a tube will lead to resonant absorption occurring for some of the tube modes (see Goedbloed (1983) , Goossens (1991) and Erdélyi (2001) for discussions of the process).
In particular, the transverse kink mode has its frequency within the Alfvén continuum and so is subject to resonant absorption. Ruderman and Roberts (2002) considered the influence of a thin layer of scale l ( a) located at the boundary of a coronal tube, where the Alfvén speed changes rapidly from c A within the tube to c Ae in the magnetic environment. The result is a decay of the basic kink mode oscillation as the swaying of the tube couples into Alfvén-like oscillations in the azimuthal direction. For a density profile ρ 0 (r) which changes sinusoidally from a uniform density ρ 0 within 0 ≤ r < a − l to a uniform value ρ e in r ≥ a, the standing kink mode decays on a timescale (Ruderman and Roberts 2002; see also Ryutova 1977; Goedbloed 1983; Hollweg and Yang 1988; Goossens, Hollweg and Sakurai 1992; Ruderman 2003) 
A similar timescale arises for other density profiles. For example, for a linear density ramp connecting ρ 0 to ρ e , we obtain
It is interesting to note that the conclusion that coronal loops should exhibit strong damping because of resonant absorption was drawn by Hollweg and Yang (1988) , over a decade before the damping was actually observed. Ruderman and Roberts (2002) applied (62) to the observed decay in the event investigated by Nakariakov et al. (1999) , showed that it matches the observations for a scale of inhomogeneity that was 23% of the loop radius (i.e., l = 0.23a). subsequently examined the 11 cases selected in Ofman and Aschwanden (2002) , concluding that resonant absorption is able to reproduce the observed decay for values of l ranging from 16% to 49% of a loop radius. Given that there is no a priori reason why the observed decay times should produce, through (62) or (63), an inferred scale l that is well below the radius a, this agreement offers encouraging support for the idea that resonant absorption may be a significant component operating in the observed rapid decay.
It may be noted that a sharp profile with very small l/a gives a long damping time, no damping occurring in the limit of a step function profile, whereas a shallower profile (l/a a fraction of unity) leads to motions that are so rapidly damped that no coherent oscillations can occur. This fact may explain the otherwise puzzling observation Aschwanden et al. 2002) that certain loops seem to be particularly receptive to oscillations while neighbouring loops are apparently undisturbed (Ruderman and Roberts 2002; .
The timescales (62) and (63) are derived on the assumption that the inhomogeneity layer is very thin (l a), so any discussion of l/a as large as 0.49 is outside the range of strict validity, requiring a numerical treatment. In fact, Van Doorsselaere et al. (2003) have recently determined the damping timescale numerically by using the LEDA code developed by Van der Linden (1991) . They show that for large ρ 0 /ρ e the thin layer results are a reasonable guide, though for lower contrasts and for large inhomogeneity scales differences as much as 25% may arise. The application of these results to coronal loops is discussed by .
PROMINENCE OSCILLATIONS
Prominences are complex structures with temperatures and densities significantly below environment values, and gravity expected to play an important role. Because even their equilibrium structure is uncertain, though a number of models exist, analysing the modes of oscillation of a prominence is involved. Nonetheless, it seems likely that a number of generic features may be deduced from the study of simple models. This is the viewpoint taken in Roberts (1991a) and Roberts and Joarder (1994) , and further developed in Roberts (1992, 1993) and Oliver et al. (1992 Oliver et al. ( , 1993 . Observations and theories of oscillations in prominences are reviewed in Oliver (1999 Oliver ( , 2001 , Engvold (2001) , and Oliver and Ballester (2002) . Here we point out some basic aspects of oscillations in such structures that are likely to be of generic interest.
Observed prominence oscillations are sometimes classified as short (period P < 10 minute), intermediate ( 10 min < P < 40 min), or long (P > 40 min) period oscillations, though the short period oscillations include modes with sub-minute periods. There are global oscillations of a prominence as well as oscillations within prominence fibrils. As with many other coronal oscillations, prominence oscillations are subject to strong damping with damping times that are between 2 and 3 periods (e.g., Terradas et al. 2002) .
Prominence oscillations may also be used for prominence seismology. For example, Régnier, Solomon and Vial (2001) and Régnier et al. (2002) used the model calculations of Joarder and Roberts (1993) combined with SOHO and THEMIS observations to deduce the angle that the magnetic field makes with the prominence, finding 18
• in one case and 31
• in another.
The sharp contrast in density between a prominence and its environment allows the existence of what Roberts (1991a) and Joarder and Roberts (1992) termed magnetohydrodynamic string modes (called hybrid modes in Oliver et al. (1993) ). These modes have a characteristic frequency given by Roberts 1992, 1993 )
where c f is the elastic speed in a prominence sheet of width 2a. Various string modes arise, corresponding to different propagation speeds c f . The field lines threading the prominence are taken to be anchored at locations a distance L either side of the prominence sheet, modelling the effect of photospheric linetying at footpoints a distance 2L apart. For an anchoring distance of 2L = 10 5 km, a prominence width of 2a = 5000 km and a propagation speed of 27 km s −1 (corresponding to a speed c s = 15 km s −1 and an Alfvén speed c A = 23 km s −1 ), we obtain periods of about 43 minutes.
We may also view prominence oscillations from the perspective of a vibrating elastic membrane, producing sheet oscillations of period (Roberts 1991a )
where the sheet has a length L hor and height L vert . The integers m and n describe the patterns of vibration in the sheet. Since a prominence sheet is normally much longer than it is high, L vert L hor and the period P sheet is determined mainly by the integer n (describing the vertical structure of the modes). For example, with again a prominence magnetoacoustic speed of c f = 27 km s −1 we obtain a period of P sheet ≈ 1/n hours; thus, with n = 2 we obtain a period of about 30 minutes.
We may also view the oscillations of prominence as a global vertical oscillation, akin to the vertical vibrations of a heavy mass under gravity g. This produces the period (Roberts 1991a )
where θ is the dip angle that the prominence field makes with the horizontal. For 2L = 10 5 km and angles θ in the range 3
• − 30
• , we find periods of order 10 − 30 minutes.
Finally, we note that there are also fibril modes, similar in form to the modes of oscillation of a coronal flux tube. They were investigated originally by Joarder, Nakariakov and Roberts (1997) , and in greater detail by Diaz et al. (2001) and Ballester (2002, 2003) .
CONCLUSIONS
The solar atmosphere supports a large variety of oscillatory phenomena, covering a range of frequencies. Sunspots, plumes, prominences and coronal loops are all observed to support propagating or standing waves, with both slow and fast magnetoacoustic waves arising. Their study opens up the possibility to obtain diagnostic information about the solar atmosphere and the magnetic structures it supports. Such studies require combined efforts of theorists and observers, if progress is to be made, but the rewards from such endeavours promise to be considerable.
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